Although the "gold standard" for diagnosis of tuberculous meningitis (TBM) is bacterial isolation of Mycobacterium tuberculosis, there are still several complex issues. Recently, we developed an internally controlled novel wide-range quantitative nested real-time PCR (WR-QNRT-PCR) assay for M. tuberculosis DNA in order to rapidly diagnose TBM. For use as an internal control calibrator to measure the copy number of M. tuberculosis DNA, an original new-mutation plasmid (NM-plasmid) was developed. Due to the development of the NM-plasmid, the WR-QNRT-PCR assay demonstrated statistically significant accuracy over a wide detection range (1 to 10 5 copies). In clinical applications, the WR-QNRT-PCR assay revealed sufficiently high sensitivity (95.8%) and specificity (100%) for 24 clinically suspected TBM patients. In conditional logistic regression analysis, a copy number of M. tuberculosis DNA (per 1 ml of cerebrospinal fluid) of >8,000 was an independent risk factor for poor prognosis for TBM (i.e., death) (odds ratio, 16.142; 95% confidence interval, 1.191 to 218.79; P value, 0.0365). In addition, the copy numbers demonstrated by analysis of variance statistically significant alterations (P < 0.01) during the clinical treatment course for 10 suspected TBM patients. In simple regression analysis, the significant correlation (R 2 ‫؍‬ 0.597; P < 0.0001) was demonstrated between copy number and clinical stage of TBM. We consider the WR-QNRT-PCR assay to be a useful and advanced assay technique for assessing the clinical treatment course of TBM.
Tuberculous meningitis (TBM) is the severest form of infection of Mycobacterium tuberculosis, causing death or severe neurological defects in more than half of those affected in spite of antituberculosis treatment (ATT) (1, 2, 8, 18) . The diagnosis of TBM remains a complex issue, because the most widely used conventional bacteriological detection methods, such as direct smear for acid-fast bacilli (AFB) and culture for M. tuberculosis, are unable to rapidly detect M. tuberculosis with sufficient sensitivity in the acute phase of TBM (3-13, 18, 19) . In 2006, we designed a novel internally controlled quantitative nested real-time PCR (QNRT-PCR) assay based on TaqMan PCR (Applied Biosystems) (15) . Moreover, based on this original QNRT-PCR (OR-QNRT-PCR) assay, an improved wide-range QNRT-PCR (WR-QNRT-PCR) assay was developed (17) . For use as a "calibrator" in WR-QNRT-PCR assay, a new internal control was constructed (17) . In the preliminary experiments, the WR-QNRT-PCR assay demonstrated significantly improved quantitative accuracy and had a wide detection range (1 to 10 5 copies) compared to what was seen for the OR-QNRT-PCR assay (17) .
In this study, we tried to quantitatively detect M. tuberculosis DNA in actual cerebrospinal fluid (CSF) samples by using the WR-QNRT-PCR assay. In addition, the clinical usefulness of this novel assay technique for the rapid and accurate diagnosis of TBM and for assessing the clinical course of TBM was examined.
MATERIALS AND METHODS
This study was approved by the Nihon University Institutional Review Board. Clinical specimens and control. Clinical specimens from 24 patients with clinically suspected TBM and 29 non-TBM control patients were collected between 1998 and 2005. A total of 67 CSF samples were collected from these 24 patients. Of 67 CSF samples, 43 were available serially from the 10 patients (cases 3 and 8 to 16) who had follow-ups of more than at least 2 weeks. In addition, the extracted DNA specimen from M. tuberculosis standard strain H37Rv (ATCC 25618) was used as the positive control in this study.
The 29 non-TBM control patients consisted of 4 cases of bacterial meningitis, 3 of cryptococcal meningitis, 12 of viral meningitis, 6 of multiple sclerosis, and 1 each of central nervous system (CNS) lupus, CNS malignant lymphoma, hepatic insufficiency, and neuro-Behçet's disease. The diagnoses for the non-TBM control cases were based on their specific clinical and laboratory findings. Moreover, to determine the analytical specificity and cross-reactivity of our assays, extracted DNA specimens from six additional reference strains of non-M. tuberculosis species-M. bovis BCG (ATCC 19274), M. avium (ATCC 15769), M. intracellulare (ATCC 15985), and clin-ically isolated Staphylococcus aureus, Klebsiella pneumoniae, and Pseudomonas aeruginosa strains-were tested.
Smear and culture. All CSF samples from patients with suspected TBM were examined microscopically for AFB and by culture for M. tuberculosis. First, CSF aliquots of 1 to 2 ml were concentrated by centrifugation (3,000 ϫ g for 10 min) for conventional bacteriology. The sediments were used to prepare smears for direct examination of AFB by auramine-rhodamine and Ziehl-Neelsen stain and cultured by inoculation on a Bactec MGIT 960 system (Becton Dickinson Diag- The suspected TBM cases were classified as "confirmed" cases (having bacterial isolation for M. tuberculosis, e.g., being CSF culture positive) or "highly probable" cases (meeting all the above clinical criteria and with all three supporting evidences positive). The 2 "confirmed" cases (cases 1 and 2) and 7 "highly probable" cases (cases 9 to 15) correspond to cases 1 to 9 in our previous papers (see references 14 and 15.
nostic Instrument Systems, Sparks, MD). The cultures were incubated under an atmosphere containing 5% CO 2 at 37°C and observed for 12 weeks before they were discarded.
Conventional single-and nested-PCR assays. The DNA specimens including M. tuberculosis DNA were extracted and purified from the 250 l of CSF samples by previously reported conventional phenol-chloroform method and ethanol precipitation (15, 17) .
Two sets of primer pairs, outer primers WF1 and WR1 and inner primers WF2 and WR2, which were specific for the MPB64 protein of M. tuberculosis (MPT64; GenBank accession no. NC_000962) were prepared (Table 1 ). In the single (i.e., first-step) PCR assay, 2 l of the extracted DNA specimen including M. tuberculosis DNA as a template was added to 18 l of the previously reported PCR solution mixture (15, 17) containing 20 pM each of outer primers WF1 and WR1 and then subjected to the following protocol using GeneAmp PCR system 9700 (Perkin Elmer, Norwalk, CT): an initial denaturation at 96°C for 3 min followed by 35 cycles of amplification with denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min and a final extension at 72°C for 10 min.
In nested (i.e., second-step) PCR, 2 1 of the single PCR product as a template was added to 18 l of the PCR mixture containing 20 pM each of outer primers WF2 and WR2 and then subjected to an initial denaturation at 96°C for 3 min followed by 25 cycles of amplification with denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 1 min and a final extension at 72°C for 10 min. The PCR products were analyzed by Agilent 2100 bioanalyzer system (Agilent Technologies, Waldbronn, Germany). The presence of a 239-bp band for single PCR and a 194-bp band for nested PCR indicated successful amplification.
In addition, for use as an internal control, a pair of primers that were specific for the human ␤-globin gene (HBB; GenBank accession no. L48217) was prepared ( Table 1 ). The 196-bp HBB fragment as an internal control was amplified in another tube under the same assay conditions. OR-QNRT-PCR assay. For the OR-QNRT-PCR assay, two types of original plasmid, wild plasmid (W-plasmid) and mutation plasmid (M-plasmid), were constructed (15) . The original W-plasmid was prepared for use as the standard template to construct the standard curve in the second step of this assay (15) . The original M-plasmid was constructed based on the W-plasmid for use as the old internal control (15) . The DNA specimens were extracted and purified from 250 l of CSF samples added by the 1,000 copies of M-plasmid in advance by previously reported conventional phenol-chloroform method and ethanol precipitation (15) .
The OR-QNRT-PCR assay consists of two consecutive PCR amplification steps, which were conventional PCR at the first step and RT-PCR (TaqMan) at the second step, using an ABI Prism 7700 sequence detector (Applied Biosystems, Foster City, CA). Two sets of primer pairs, outer primers WF1 and WR1 at the first step and inner primers TqMn-WF2 and TqMn-WR2 at the second step, which were specific for wild MPT64, were prepared (Table 1 ). In addition, for use in second-step PCR, two types of TaqMan probes, TqMn-W-VIC for detecting wild MPT64 and TqMn-M-FAM for detecting the old internal control (i.e., M-plasmid), were prepared ( Table 1) . As the template, 2 l of the extracted DNA specimen at the first step and 2 l of the first-step PCR product at the second step were used. All procedures of this assay were subjected to the previously reported protocol (15) . (The first-step PCR was set at 35 amplification cycles.)
WR-QNRT-PCR assay.
For the WR-QNRT-PCR assay, the original newmutation plasmid (NM-plasmid) was constructed based on M-plasmid for use as a new internal control (17) . The DNA specimens were extracted and purified from the 250 l of CSF samples added by the 1,000 copies of NM-plasmid in advance by use of the previously reported method (17) .
The WR-QNRT-PCR assay consists of two consecutive PCR amplification steps, as does the OR-QNRT-PCR assay (15, 17) . In first-step PCR, 2 l of the extracted DNA specimen including the new internal control as a template was amplified by using the outer primers WF1 and WR1 or MF1 and MR1 (Table 1) at 25 amplification cycles (17) . In second-step PCR, 2 l of the first-step PCR product was used as a template. The wild MPT64 fragment was amplified by the inner primers TqMn-WF2 and TqMn-WR2 and detected by specific TaqMan probe TqMn-W-VIC (Table 1 ). The new internal control, i.e., NM-plasmid, was amplified by the inner primers TqMn-MF2 and TqMn-MR2 and detected by the specific TaqMan probe TqMn-M-FAM (Table 1 ). All procedures of this assay were subjected to the previously reported protocol (17) .
Quantitative detection for M. tuberculosis DNA. The initial copy number of M. tuberculosis DNA in CSF samples was calculated based on the amplification ratio against the 1,000 copies of the old internal control (M-plasmid) in the OR-QNRT-PCR assay or the new internal control (NM-plasmid) in the WR-QNRT-PCR assay (15, 17) . For M. tuberculosis, it is universally acceptable that a single copy of the MPT64 gene represented one bacterial cell (3, 4) . Therefore, we considered that the copy numbers calculated by both the OR-and WR-QNRT-PCR assays corresponded to the M. tuberculosis bacterial cell numbers in CSF samples.
Blinded (randomized) assay. For comparative evaluation of respective diagnostic assays, conventional single-and nested-PCR assays and OR-and WR-QNRT-PCR assays were performed against the blinded (randomized) 10 CSF samples labeled A to J. These blinded samples were selected in the clinically obtained CSF samples stored at Ϫ80°C. The 10 blinded CSF samples, samples A to J, correspond to a cryptococcal meningitis sample, a case 1 sample, a case 2 sample, a viral meningitis sample, a CNS lupus sample, a case 3 sample, a case 8 sample, another viral meningitis sample, a multiple sclerosis sample, and a case 9 sample, respectively.
Statistical analysis. The statistical analysis was calculated using data analysis software program SPSS 13.0 for Windows. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Clinical features of the patients. Table 2 summarizes the clinical features of the 24 suspected TBM patients upon admission (before ATT). All 24 patients (i) met the clinical criteria and (ii) demonstrated supporting evidence for TBM (shown in Table 2 ) (4, 6, 11, 12, 14, 15) and were classified as 8 "confirmed" cases (cases 1 to 8) (CSF culture positive for M. tuberculosis) and 16 "highly probable" cases (cases 9 to 24) (meeting all the clinical criteria and with 3 positive for supporting evidences but having no bacterial isolation). Of these 24 patients, the 2 "confirmed" cases (cases 1 and 2) and 7 "highly probable" cases (cases 9 to 15) correspond to cases 1 to 9 reported in our previous papers (14, 15) . In addition, the periods up to initial sample collection available from these 24 patients are shown in Table 2 . This period was approximately consistent with the period from the development of symptoms to the beginning of ATT for suspected TBM patients and was therefore considered to be clinically important. The results of respective diagnostic assays, including M. tuberculosis culture, conventional single-and nested-PCR assays, and OR-and WR-QNRT-PCR assays, are summarized and evaluated clinically in Tables 3 and 4 .
WR-QNRT-PCR assay results for CSF samples. (i) Upon admission.
For WR-QNRT-PCR assay, the quantitative detection of M. tuberculosis DNA was possible in 23 cases out of the 24 suspected TBM patients (95.8%) upon admission (Tables 2  and 3 ). The measured copy numbers of M. tuberculosis DNA (per 1 ml of CSF) are shown in Table 2 . However, the WR-QNRT-PCR assay revealed no amplification for all 35 CSF samples collected from the 29 patients in the non-TBM control group and the six reference strains of non-M. tuberculosis species (Table 3) . OR-QNRT-PCR assay results are also shown in Table 2 . The sensitivities and specificities of both the OR-and WR-QNRT-PCR assays were equivalent (Table 3) . However, there was the significant difference (P ϭ 0.0039) between the OR-and WR-QNRT-PCR results by Wilcoxon signed-rank testing (Fig. 1A) . In particular, copy numbers of more than 1,000 calculated by the OR-QNRT-PCR assay tend to reveal more values than do WR-QNRT-PCR assay results (Fig. 1A) . This trend indicated the unfavorable influence of overamplification and the instability of the M-plasmid as the old internal control in the OR-QNRT-PCR assay.
In the blinded (randomized) assay (Table 4) , both OR-and WR-QNRT-PCR results were completely consistent with the assay results shown in Table 2 . However, there was a significant difference (P ϭ 0.0052) in copy numbers (per ml of CSF) between the blinded assay and the previous assay results of OR-QNRT-PCR by Wilcoxon signed-rank test (Table 4) . In WR-QNRT-PCR, the copy numbers were not statistically significantly different between blinded assay and previous assay results (Table 4 ). These results indicated that the WR-QNRT-PCR assay had sufficient reproducibility and was more stable and reliable as a diagnostic method than conventional assay techniques, including OR-QNRT-PCR.
In conditional logistic regression analysis, M. tuberculosis culture positivity, M. tuberculosis DNA copy numbers of Ͼ8,000 (per ml of CSF) calculated by WR-QNRT-PCR assay, and more than 2 weeks up to initial sample collection, were independent risk factors for a poor prognosis for TBM (i.e., death) (Table 5 ) (for these three risk factors, statistics were, respectively, as follows: odds ratio [OR] ϭ 37.368, 95% confidence interval [95% CI] ϭ 1.233 to 1132.781, P ϭ 0.0375; OR ϭ 16.142, 95% CI ϭ 1.191 to 218.79, P ϭ 0.0365; OR ϭ 32.501, 95% CI ϭ 1.709 to 618.21, P ϭ 0.0205). The copy number of Ͼ8,000 (per ml of CSF) as the threshold value was set based on the 75th percentile (8,146 copies) of WR-QNRT-PCR assay results in all 24 cases (Table 2) . However, the conventional single-and nested-PCR assays, which were qualitative examinations, were not statistically significant risk factors for a poor prognosis for TBM (Table 5) .
(ii) Diachronic study. Table 6 summarizes the diachronic study results, which include M. tuberculosis cultures, conventional single-and nested-PCR assays, the WR-QNRT-PCR assay, and other routine CSF findings, for the 10 patients: 2 "confirmed" cases (cases 3 and 8) and 8 "highly probable" cases (cases 8 to 16). Among these 10 patients, cases 8 to 15 correspond to cases 1 to 8 in our previous paper (16) (Table 6 and Fig. 1B ). In addition, the copy numbers of M. tuberculosis DNA (per 1 ml of CSF) gradually decreased to below the detection limit of the WR-QNRT-PCR assay for the eight patients (cases 8 to 14 and 16) for whom ATT was effective and who demonstrated improvement in both their clinical stages and routine CSF findings during the clinical treatment course (Table 6 and Fig. 1B) . However, for cases 3 and 15, for whom ATT was noneffective and who died due to aggravation of TBM, the copy numbers were continually at a high level throughout the clinical course (Table 6 and Fig. 1B ). The pattern (trend) in the alterations of M. tuberculosis DNA copy numbers during the clinical treatment course demonstrated significant difference (P ϭ 0.0041) between the ATT-effective cases (cases 8 to 14 and 16) and the ATT-noneffective cases (cases 3 and 8) by repeated-measures ANOVA (Fig. 1B) . Moreover, in simple regression analysis, significant correlation (R 2 ϭ 0.597, P Ͻ 0.0001) was demonstrated between the M. tuberculosis DNA copy number and the clinical stage of TBM (Fig. 1C) .
DISCUSSION
We have developed an improved WR-QNRT-PCR assay technique for the accurate quantitative detection of M. tuberculosis DNA in CSF samples collected from patients with clinically suspected TBM.
In clinical application, the WR-QNRT-PCR assay demonstrated equivalence in sensitivity (95.8%) and specificity (100%) to the OR-QNRT-PCR assay (Table 3) . However, for the actual clinical CSF samples, the copy numbers calculated by the OR-QNRT-PCR assay revealed the unfavorable influence of overamplification and the instability of the M-plasmid as the old internal control (Fig. 1A) , as well as the preliminary experiment results described in the companion methodology paper (17) . In addition, this instability of OR-QNRT-PCR assay was also recognized in the blinded (randomized) assay (Table 4) . However, the WR-QNRT-PCR assay results in the blinded assay demonstrated sufficient reproducibility and strengthened the clinical significance of this assay (Table 4) . Therefore, the WR-QNRT-PCR assay was considered to be not only more accurate but also a more stable and reliable diagnostic method than conventional assay techniques, including OR-QNRT-PCR. Moreover, it was statistically evaluated using conditional logistic regression analysis whether the specifically diagnostic parameters, including M. tuberculosis cultures, conventional single-and nested-PCR assays, and the WR-QNRT-PCR assay for CSF and the period up to initial sample collection associated with risk for a poor prognosis for TBM (i.e., death) ( Table 5 ). The conditional logistic regression analysis results indicated that an M. tuberculosis DNA copy number of Ͼ8,000 calculated by the WR-QNRT-PCR assay was an independent risk factor for a poor prognosis for TBM, as was M. tuberculosis culture positivity (Table 5) . Interestingly, a period of more than 2 weeks up to initial sample collection was also one of the most important risk factors for a poor prognosis for TBM (Table 5 ). This result suggests that a delay in making the appropriate clinical decision, including starting ATT, has a serious influence against the prognosis for TBM. In the present diachronic study, the copy numbers demonstrated statistically significant alterations (P Ͻ 0.01) during the clinical treatment course for 10 patients (Table 6 ). In addition, these alterations of M. tuberculosis DNA copy numbers were significantly correlated with the patient's clinical condition (stage) and the ATT response (Fig. 1B and C) . In cases 3 and 15, although the appropriate ATT was started immediately after admission to our hospital, ATT was noneffective for these two patients and they died due to aggravation of TBM (Table 6) . These unsuccessful ATT outcomes may be due not only to the high copy numbers of M. tuberculosis DNA in these two patients but also to the delay (more than 2 weeks) in appropriate CSF examination or in starting treatment (Table 2) .
We consider that accurate quantitative analysis by WR-QNRT-PCR assay may provide a significantly reliable foundation for appropriate clinical decision, such as the start of ATT, the additional use of corticosteroids and other anti-inflammatory or immune-modulatory adjunctive treatments, and prediction of prognosis in patients with suspected TBM. The present diachronic study results indicate that quantitative analysis by the WR-QNRT-PCR assay is very useful for assessing the clinical course of TBM and ATT response. To our knowledge, there has been no previous study which serially assessed the quantity of DNA or bacterial cell numbers of M. tuberculosis in CSF samples throughout the clinical course of TBM patients. Previously (in 2006), to quantitatively detect M. tuberculosis DNA in CSF samples, we designed the OR-QNRT-PCR assay (15) . However, the OR-QNRT-PCR assay was incomplete and insufficient for massive clinical application and commercial evolution, since this assay technique held the unfavorable influence of overamplification caused by the instability of the M-plasmid, used as the old internal control (15, 17) . In this study, the WR-QNRT-PCR assay was developed as a novel improved assay technique for wider use in the clinical practice (17) . In actual clinical application, this novel assay technique demonstrated significant accuracy and reliability for the quantitative detection of M. tuberculosis DNA in CSF samples due to the development of NM-plasmid, which was used as the new internal control.
The clinical usefulness of the WR-QNRT-PCR assay is based on its capacity for the accurate quantitative detection of M. tuberculosis DNA with a wide detection range. However, this assay technique does not have the ability to evaluate the viability of bacteria. Therefore, the copy number of M. tuberculosis DNA calculated by WR-QNRT-PCR assay may not necessarily be consistent with the viable bacterial number of M. tuberculosis in the CSF sample. At present, the only assay method for detecting viable M. tuberculosis in the CSF sample is culture examination. Although the culture for M. tuberculosis in CSF samples is the "gold standard" for TBM diagnosis, it is inadequate for early diagnosis due to its poor sensitivity or the long time required (4 to 8 weeks) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 18) . Rapid and accurate diagnosis in the acute phase of TBM and an early start to ATT are the most important factors with regard to the prognosis and the prevention of long-term neurological sequelae (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Based on the present assay results, we considered that the WR-QNRT-PCR assay is a reliable assay technique for assessing ATT response and the clinical course of TBM. Particularly, in clinical practice, the WR-QNRT-PCR assay would demonstrate its capacity in rapid and accurate diagnosis for the difficult cases in which conventional assay methods cannot detect M. tuberculosis.
At present, despite an overall decrease in the total numbers of tuberculosis cases in the advanced nations, for example, the United States, a gradual and continuous increase in the proportion of extrapulmonary tuberculosis cases has been reported (1, 2). The causes for the increase of extrapulmonary tuberculosis cases are mainly in the recent rise in immunecompromised patients and in the human immunodeficiency virus/AIDS epidemic (1, 2) . Although the overall populationbased mortality rate from tuberculosis is low and decreasing, several studies have shown that mortality rates are substantially higher for patients with several forms of extrapulmonary tuberculosis, including CNS tuberculosis or TBM and disseminated disease (1, 2, 8, 18) . As the proportion of extrapulmonary tuberculosis cases, including those with CNS tuberculosis, continues to increase, particularly in immune-compromised patients, the WR-QNRT-PCR assay technique may become increasingly important for the rapid and accurate diagnosis of TBM.
Certainly, the WR-QNRT-PCR assay may be inadequate for screening examinations dealing with many samples, since this novel assay technique requires additional complicated experimental procedures. However, in actual clinical practice, definitive diagnosis of TBM is required, and this is not available from present screening examination procedures. Therefore, the WR-QNRT-PCR assay will become a prominently useful assay technique if used for well-defined and appropriate clinical specimens collected from "highly probable" TBM patients. We speculate that if the WR-QNRT-PCR assay is widely and appropriately adopted within clinical practice, it will be a powerful tool for the rapid and accurate diagnosis of TBM.
